Abstract. Klotho is a novel anti-aging hormone involved in human coronary artery disease. The present study aimed to detect the effects and mechanism of Klotho on cardiomyocytes in a hypoxia/reoxygenation (H/R) model in vitro. Neonatal Sprague-Dawley rat cardiomyocytes were randomly distributed into experimental groups as follows: Control group; H/R group, 4-h hypoxia followed by 3-h reoxygenation; and H/R+Klotho group, incubated with 0.1, 0.2 or 0.4 µg/ml Klotho protein for 16 h and then subjected to 4-h hypoxia/3-h reoxygenation. In order to evaluate cardiomyocyte damage, cell viability and lactate dehydrogenase (LDH) levels were measured. Cell apoptosis was measured by flow cytometry. The 2',7'-dichlorofluorescein diacetate reagent was used to estimate the intracellular generation of reactive oxygen species (ROS). Immunofluorescence staining was used to test whether Klotho induced decreased nuclear translocation of forkhead box protein O1 (FOXO1). Western blot analysis was performed to detect protein levels of FOXO1, phospho-FOXO1, Akt, phospho-Akt and superoxide dismutase 2 (SOD2). Cell viability was significantly decreased, levels of LDH in the cardiomyocyte culture medium were significantly increased and the apoptotic rate was enhanced in the H/R group when compared with those of the control group. Compared with the H/R group, cell viability of the H/R+Klotho groups was significantly higher (P<0.05). Treatment with Klotho protein resulted in a significant resistance of cardiomyocytes to apoptosis and the release of LDH was decreased. Intracellular ROS levels in the H/R group were significantly elevated above those of the control group (P<0.05). Following treatment with Klotho, intracellular ROS levels were significantly decreased compared with those of the H/R group (P<0.05). Western blot analysis confirmed that Klotho protein treatment increased FOXO1 levels in the nucleus and decreased FOXO1 levels in the cytoplasm. Furthermore, exogenous Klotho protein promoted translocation of FOXO1 from cytoplasm to nucleus. In addition, the administration of Klotho protein suppressed phosphorylation of FOXO1 and Akt, and markedly increased the protein expression levels of SOD2. In conclusion, treatment with Klotho protein had beneficial effects on cardiomyocytes undergoing H/R injury. The mechanism of this effect may be associated with suppressed apoptosis of cardiomyocytes, inhibition of phosphorylation of FOXO1 and Akt as well as suppression of cytoplasm transfer of FOXO1.
Introduction
Studies have confirmed that the ischemic myocardium is sensitive to oxygen and blood supply at the early stages of the reperfusion process (1, 2) . Reperfusion can result in further damage to the structure and function of the myocardium, potentially resulting in fatal arrhythmia and heart failure (3, 4) . This pathophysiological process is defined as myocardial ischemia/reperfusion injury (MIRI) (5) . Therefore, developing a method of avoiding ischemia/reperfusion (I/R) injury upon revascularization has become a crucial area of research. Multiple studies have confirmed that oxidative stress and inflammation have key roles in the development of MIRI (6, 7) . When blood and oxygen are resupplied to the ischemic and anoxic myocardium, a large amount of free radicals and reactive oxygen species (ROS) are instantly produced, which causes DNA, protein and lipid peroxidation damage. This gradually induces cell apoptosis and necrosis in oxidative stress conditions, resulting in an increased area of myocardial infarction (8, 9) . Therefore, exploring a novel target for the prevention of oxidative stress and cell apoptosis in the process of reperfusion injury may be of great significance for the treatment of acute myocardial ischemia.
The Klotho gene (K1) was accidentally discovered in spontaneously hypertensive mice in 1997 by Kuro-o et al (10) . The study confirmed that the phenotype of the Klotho gene knockout rat was similar to that of human aging. Mitobe et al (11) established oxidative damage models by using various concentrations of hydrogen peroxide (H 2 O 2 ) in the cells of mouse kidney marrow collection tubes, some of which overexpressed the Klotho gene. It was thereby demonstrated that H 2 O 2 dose-dependently decreased Klotho expression; however, cell apoptosis was decreased in the Klotho-transfected group.
Another study demonstrated that compared with a control group, addition of exogenous recombinant soluble Klotho protein in HeLa and Chinese hamster ovary cells treated with N,N'-dimethyl-4,4'-bipyridinium dichloride (paraquat), a herbicide that generates superoxide, resulted in a significant reduction in lipid peroxidation and cell apoptosis (12) . These in vitro experiments may indicate that Klotho is capable of conferring protection against oxidation, apoptosis and further damage in the peroxidation of cells (13) .
The present study simulated a hypoxia/reoxygenation (H/R) state to build a cardiomyocyte anoxia and reoxygenation model in vitro. Various concentrations of restructuring Klotho protein were subsequently administered in order to observe the role of Klotho and elucidate its potential mechanism in myocardial H/R injury at the cellular level. It is expected that these results may provide novel pathways for the treatment of acute myocardial ischemia in the future. , 5-bromo-2'-deoxyuridine (0.1 mM, inhibits fibroblast proliferation) and penicillin/streptomycin (Invitrogen Life Technologies). Cardiomyocyte ischemic injury was induced by hypoxia in a serum-and glucose-free medium, followed by reoxygenation. Hypoxia was achieved by placing the cells in a hypoxia chamber filled with 5% CO 2 and 95% N 2 at 37˚C for four hours. Following hypoxia exposure, the cells were reoxygenated with 5% CO 2 and 95% O 2 for three hours in DMEM/F12 containing 20% FCS and normal glucose.
Materials and methods

Materials
Immunofluorescent staining. Immunofluorescent staining with antibodies was performed in cultured cardiomyocytes as previously described (16) . Briefly, cardiomyocytes were washed three times with pre-cooling PBS, fixed with 4% paraformaldehyde and then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). The immunofluorescent staining was performed by incubating cardiomyocytes with VWF, vimentin, α-smooth muscle actin (α-SMA; ab7817; 1:50 dilution; Abcam) and FOXO1 primary antibodies overnight at 4˚C. Following incubation with secondary antibodies for 60 min at room temperature, cardiomyocytes were incubated with DAPI for 10 min and mounted with aqueous mounting medium (Sigma-Aldrich). Finally, the stained cells were visualized under a fluorescence microscope (Olympus 1X71; Olympus Corporation, Tokyo, Japan).
Cell viability assay. Cell viability was assessed by CCK8 assay (Dojindo), performed according to the manufacturer's instructions. The cardiomyocyte cell suspension was inoculated into each 96-well plate at a density of 1x10 4 cells/ml. Subsequently, 10 µl CCK8 solution was added into each well to cardiomyocytes treated with or without reoxygenation. The absorbance at 450nm was measured using a Syngery HT plate reader (BioTek Instruments, Inc., Winooski, VT, USA) to evaluate cell numbers and estimate cell viability.
LDH release. Cardiomyocyte injury due to H/R stress was assessed by measuring LDH release in the supernatants collected at the end of hypoxia or H/R. LDH was measured using the LDH Activity assay kit (BioVision) according to the manufacturer's instructions.
Cardiomyocyte apoptosis rate. Apoptosis induced by H/R in cardiomyocytes was detected with Annexin V-FITC/Propidium
Iodide (PI) staining on a flow cytometer (EPICS XL/XL-MCL; Beckman Coulter, Brea, CA, USA). Cells were harvested for flow cytometry following exposure to hypoxia, H/R or control conditions. Briefly, cells were washed three times with cold PBS and resuspended in binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2, pH 7.4) at a concentration of 1x10 5 cells/ml. Subsequently, 100 µl solution was transferred to a 5-ml culture tube and labeled with 5 µl Annexin V and 5 µl PI. The solution was gently vortexed and incubated for 15 min at 25˚C in the dark, following which, 400 µl binding buffer was added to each tube. Analysis by flow cytometry was conducted within one hour. Excitation wavelength was 488 nm and emission wavelength was 530 nm.
Measurement of intracellular ROS. DCF was used to measure intracellular ROS. It is a non-fluorescent, cell permeable compound that is oxidized to a highly fluorescent carboxy-dichlorofluorescein measured at wavelengths of 488 nm excitation/520 nm emission and expressed in arbitrary units (AU) using a Synergy HT microplate reader (Bio-Tek Instruments, Inc.).
Western blot analysis. Protein extracted from cardiomyocytes which were lysed in radioimmunoprecipitation assay lysis buffer was used for SDS-PAGE. The proteins were subsequently transferred to nitrocellulose membranes and blocked with 5% nonfat dry milk in Tris-buffered saline with Tween 20 (TBST; Cell Signaling Technology, Inc.) for 60 min at room temperature. Membranes were probed with various primary antibodies overnight. The following day, the membranes were washed with 1X TBST, incubated for 60 min with horseradish peroxidase-labeled mouse anti-rabbit antibody and anti-avidin antibodies (Cell Signaling Technology, Inc.) in TBST fluid. Following three washes of the membrane, images were captured on film, which was placed in 10 ml LumiGLO ® solution (Cell Signaling Technology, Inc.) for one minute. Following development, the images were placed into an automatic image analyzer (Bio-Rad Laboratories, Hercules, CA, USA) to determine the function of the proteins as well as the reference grayscale values. A monoclonal GAPDH antibody was used separately as a loading control.
Statistical analysis.
Values are expressed as the mean ± standard error of the mean. Comparisons between four groups were performed using one-way analysis of variance using SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference between values.
Results
Characterization of primary cultured neonatal rat cardiomyocytes.
Following 72 h of incubation, the majority of cardiomyocytes gathered into a mass and became cross-linked with each other. Identification of cardiomyocytes was performed by immunofluorescent staining using anti-VWF for detection of endothelial cells, anti-vimentin for fibroblasts and anti-α-SMA for cardiomyocytes (17) (18) (19) . Immunofluorescence staining indicated that these cells were positive for α-SMA which is a marker of cardiomyocytes, but negative for VWF and vimentin, which are markers of endothelial cells and fibroblasts, respectively (Fig. 1) . These features indicated that the cultured cells were cardiomyocytes.
Effect of Klotho on cell viability of cardiomyocytes upon H/R. The CCK8 assay was used to investigate the effect of Klotho on cell viability of cardiomyocytes following H/R. Cell viability was 92.10±2.80% in the control group, and only 68.60±4.30% in the H/R group. Compared to the H/R group, cell viability was markedly increased in Figure 1 . Characterization of primary cultured neonatal rat cardiomyocytes. The primary cultured cardiomyocytes were subjected to immunofluorescence staining for α-SMA; VWF and vimentin to identify their purity [green for α-SMA/VWF/vimentin staining; DAPI (blue) for nuclei (magnification, x100). Three independent experiments were performed. VFW, von Willebrand factor; α-SMA α-smooth muscle actin.
the H/R+Klotho groups to 83.40±1.30, 88.60±0.40 and 88.30±2.30%. However, there was no significant difference between the control group and H/R+Klotho groups (Table I) . Collectively, these data indicated that exogenous Klotho protein expression enhanced cell viability of H/R-exposed cardiomyocytes.
Effect of Klotho on LDH release of cardiomyocytes upon H/R.
LDH release, a marker of cardiomyocyte injury following H/R, was markedly reduced in the H/R+Klotho groups (121.50±14.37, 120.70±13.94 and 118.50±13.28 IU/l, respectively) compared with that of cardiomyocytes in the H/R group (240.30±17.78 IU/l). However, there was no difference between LDH release in the control group and that of the H/R+Klotho groups (Table I) . Collectively, these data indicated that exogenous Klotho protein expression reduced cardiomyocyte injury resulting from H/R. Table I , the apoptotic rate of cardiomyocytes was significantly decreased in the H/R groups treated with Klotho protein, compared with that of the H/R group. This result indicated that exogenous Klotho protein may suppress cell apoptosis in cardiomyocytes upon H/R. Table I , H/R treatment resulted in a significant increase in DCF fluorescence from 220.10±16.68 to 797.10±22.24 A.U. Pretreatment with Klotho at 0.1, 0.2 or 0.4 µg/ml attenuated the DCF fluorescence to 595.80±16.84, Figure 2 . Effect of Klotho on location of FOXO1 in cardiomyocytes upon H/R. FOXO1 protein expression was significantly decreased in the nucleus but increased in the cytoplasm in the H/R group, while in the Klotho treatment groups, FOXO1 protein expression was increased in the nucleus, but reduced in the cytoplasm (red for FOXO1) (magnification, x100). Three independent experiments were performed. FOXO1, forkhead box protein O1; H/R, hypoxia/reoxygenation. Table I . Effect of Klotho on cell viability, LDH release, cell apoptotic rate and intracellular ROS content of cardiomyocytes upon H/R. 510.90±20.26 and 455.40±15.32 A.U., respectively (P<0.05). This result suggested that Klotho pretreatment significantly attenuated intracellular oxidant generation induced by H/R in a dose-dependent manner.
Protective role of Klotho on apoptosis of cardiomyocytes following H/R. As displayed in
Effect of Klotho on intracellular ROS in cardiomyocytes following H/R. As indicated in
H/R+Klotho -----------------------------------------------------------------------------------------------------------------
Effect of Klotho on location of FOXO1 in cardiomyocytes upon H/R.
To further study the effect and mechanism of Klotho protein protection of cardiomyocytes against oxidative stress and apoptosis, immunofluorescence and western blot analysis were used in order to observe the changes of FOXO1 and p-FOXO1 protein expression under H/R conditions. Immunofluorescence staining and western blot analysis indicated that in the Klotho protein treatment groups, FOXO1 was diverted from the cytoplasm to the nucleus (Figs. 2 and 3) .
Effect of Klotho on FOXO1, p-FOXO1, Akt, p-Akt and SOD2 in cardiomyocytes upon H/R.
Western blot analysis results confirmed that there was no significant difference in total FOXO1 and Akt protein expression between the H/R group and the other groups. However, the phosphorylation levels of FOXO1 and Akt protein decreased significantly in the H/R+Klotho groups compared to those in the H/R group in a dose-dependent manner (Fig. 4A and B) . In addition, these results indicated that different concentrations of Klotho protein were capable of effectively increasing SOD2 expression ( Fig. 4C and D) . Collectively, these data indicated that exogenous Klotho protein inhibited phosphorylation of FOXO1 and Akt resulting from H/R.
Discussion
In the present study, it was confirmed that exogenous Klotho protein expression effectively reduced cell damage, decreased the release of ROS and inhibited cell apoptosis in cardiomyocytes subjected to H/R injury, which had a protective effect on cardiomyocytes subjected to H/R. This effect may be associated with the inhibition of phosphorylation of Akt, reduction of phosphorylation of FOXO1 and increased SOD2 expression.
Previous studies confirmed that Klotho was resistant to oxidative stress and apoptosis in multiple cell types, such as those used in the present study. Mitobe et al (11) established oxidative damage models by using varying concentrations of H 2 O 2 on kidney marrow collection tube cells, and found that the cells exhibited significantly lower Klotho expression but a higher apoptotic rate in the H 2 O 2 treatment groups. Another study found that compared with a control group, cells exhibited a significant reduction in lipid peroxidation and cell apoptosis when exogenous recombinant soluble protein Klotho was added to HeLa and Chinese hamster ovary cells treated with paraquat (12) . Klotho is not expressed in the heart of adults; instead, it is only expressed in the tissues of the kidney and brain choroid plexus (20) . However, Klotho coding protein can be detected in the bodily fluids, urine and blood of mice, which suggests that the encoding protein was able to be secreted extensively (21) . In further studies, it has also been demonstrated that the Klotho protein was able to be used as a type of circulating factor secreted in various organisms. In this capacity, Klotho was capable of taking the a role of a hormone by inhibiting the insulin and insulin-like growth factor 1 (insulin/IGF1) signaling pathways (22, 23) . However, current studies on Klotho in the cardiovascular system are less extensive, and most concentrate on endothelial protective function on renal hypertension and atherosclerosis (24, 25) . In order to explore the role of Klotho in acute myocardial damage and reperfusion damage, the H/R state was simulated to generate a cardiomyocyte anoxia and reoxygenation model in vitro. Various concentrations of restructuring Klotho protein were subsequently added to the cardiomyocytes to observe the role of Klotho and the possible pathway in which it may function in myocardial hypoxia reoxygenation injury at the cellular level.
In the present study, a pretreatment method was adopted and therefore, various concentrations of Klotho protein were added prior to hypoxia preprocessing. Following reoxygenation there was an evident increase in the cellular LDH content and marked increases in intracellular ROS and cell apoptosis in the H/R group. However, when the Klotho protein was exogenously administered, cellular content of LDH was significantly decreased, intracellular ROS were markedly reduced, and the cell apoptotic rate was significantly decreased. These results indicated that the Klotho protein had a protective role in the oxidative stress state of cardiomyocyte injury, acting as an antioxidant and anti-apoptotic factor.
It was previously demonstrated that Klotho protein inhibited oxidative stress damage by adjusting the insulin/IGF1 pathway (12, 26) . Once the insulin/IGF1 pathway was activated, this triggered the activation and phosphorylation of serine-threonine kinase Akt. p-Akt further activated phosphorylation of nuclear transcription factor FOXO1, and p-FOXO1 was translocated from the nucleus to the cytoplasm and then deactivated (27) . When this pathway was blocked, intranuclear FOXO1 protein remained activated and connected to activation fragments of the antioxidant enzymes catalase and SOD2, thereby increasing expression of these enzymes, which may reduce intracellular ROS and protect against oxidative damage. In analogy to these findings, in the present study, it was demonstrated that FOXO1 protein expression was significantly decreased in the nucleus but simultaneously increased in the cytoplasm in the H/R group. In the H/R+Klotho treatment groups, FOXO1 protein expression was increased in the nucleus but reduced in the cytoplasm. There was no difference in total FOXO1 protein expression amongst the groups, but phosphorylation of FOXO1 protein expression in the H/R group was significantly increased. These results indicated that the FOXO1 protein became phosphorylated and inactivated in the process of oxidative damage, but the Klotho protein was capable of effectively restraining this phosphorylation and thus decreased oxidative damage. In addition, it was demonstrated that with an increased concentration of Klotho, phosphorylation levels of FOXO1 and Akt protein decreased in a dose-dependent manner compared to those in the H/R group. In addition, these results demonstrated that varying concentrations of Klotho protein gradually increased SOD2 expression, which further confirmed that Klotho protein may inhibit the insulin/IGF1 pathway and prevent FOXO1 protein phosphorylation and cytoplasm transfer, and therefore protect cardiomyocytes from hypoxia/reoxygenation damage.
